Methods and Compositions for Preparing Silica Aerogels 



Priority Claim 

This application claims priority from U.S. provisional applications having serial 
5 number 60/404,032, filed on August 1 6, 2002; and serial number 60/405,693, filed 
August 22, 2002, both of which are incorporated herein in their entirety. 

Field of the Invention 
The present invention relates generally to the field of aerogels. More specifically, 
1 0 it relates to cross-linked aerogels. 



Background of the Invention 
Aerogels are chemically inert, highly porous ceramic materials. Generally, these 
materials are produced by forming a gel containing a solvent and a porous solid 

1 5 component, and then removing the solvent to leave behind the porous solid. 

Removal of the solvent while preserving the porous solid structure is difficult because the 
gel often shrinks upon removal of the solvent and causes the porous solid structure to 
crack and break. This obstacle has been overcome by transforming the solvent within the 
gel into a vapor above its supercritical point, and allowing the vapor to escape and leave 

20 the intact porous solid structure. The first true aerogels were producted by exchanging 
water in the gel with alcohol that was then converted to a supercritical fluid and allowed 
to escape. This produced an aerogel that was transparent, low density, and highly porous. 
A major advance took place when this technique was combined with the application of 
sol-gel chemistry to prepare silica aerogels. This process replaced the sodium silicate 

25 that was typically used with an alkoxysilane, (for example, tetramethyorthosilicate, 
TMOS). Hydrolyzing TMOS in a solution of methanol produced a gel in one step that 
was called an "alcogel". This eliminated two of the drawbacks of the previously used 
procedure, namely, the water-to-alcohol exchange step and the presence of inorganic salts 
in the gel. Drying these alcogels under supercritical alcohol conditions produced high- 

30 quality silica aerogels. In subsequent years, this approach was extended to prepare 
aerogels from a wide variety of metal oxide aerogels. 
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Recent advances have produced aerogels that are the product of a sol-gel process, 
whose final stage involves extracting the pore-filling solvent with liquid CO2. The latter 
is gasified supercritically and is vented off, leaving behind a very low density solid 
(0.002-0.8 gram/cm" 3 ), with the same volume as the original hydrogel and a chemical 
5 composition identical to glass. 

Aerogels have been considered for thermal insulation, catalyst supports, or as 
hosts for a variety of functional materials for chemical, electronic, and optical 
applications. However, practical application of aerogels has been slow because aerogels 
are brittle and hygroscopic. These properties cause several known aerogels to absorb 
1 0 moisture from the environment which causes them to collapse due to the capillary forces 
developing in the pores. Therefore, aerogels having superior strength characteristics that 
would overcome the deficiencies of the past would be useful in a large variety of 
applications. 



15 Summary of the Invention 

The invention provides methods to prepare a cross-linked sol-gel like material 
comprising contacting a sol-gel like material with a cross-linking agent. 

The invention also provides methods to prepare a cross-linked aerogel comprising 
drying a cross-linked sol-gel like material. 
20 The invention also provides cross-linked aerogels. 



Definitions 

Aerogel : What remains when the liquid part of a sol-gel like material is removed 
without damaging the solid part (most often achieved by supercritical extraction). If made 
25 correctly, the aerogel retains the original shape of the sol-gel like material and at least 
50% (typically >85%) of the sol-gel like material's volume. 

The terms alky], alkenyl , alkynvl , denote both straight and branched groups; but 
reference to an individual radical such as "propyl" embraces only the straight chain 
radical, a branched chain isomer such as "isopropyl" being specifically referred to. 
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Aryl : denotes a phenyl radical or an ortho-fused bicyclic carbocyclic radical 
having about nine to ten ring atoms in which at least one ring is aromatic (e.g. phenyl, 
indenyl, or naphthyl). 

Attached group : An attached group is an organic or inorganic molecule or 
5 molecules that are part of a cross-linking agent such that the attached group becomes 
bonded to a sol-gel like material. Examples of attached groups include, but are not 
limited to, absorbants, catalysts, flurophores, biomolecules, redox active labels, reactive 
groups such as amines, epoxides, hydroxyls, anhydrides, acylhalides, and carboxyl 
groups. 

1 0 Condensation : A condensation reaction occurs when two metal hydroxides (M- 

OH + HO-M) combine to give a metal oxide species (M-O-M). The reaction forms one 
water molecule. 

Cross-linking agent : A cross-linking agent can be an organic or an inorganic 
compound that forms a bond with a reactive side group accessible on a sol-gel like 
1 5 material to form a cross-linked sol-gel like material that can be dried to form a cross- 
linked aerogel. 

Cross-linked aerogel : an aerogel having at least two side groups that are linked by 
a cross-linking agent that forms a bond with the side groups. 

Gel Point : The point in time at which the network of linked oxide particles spans 
20 the container holding the Sol. At the gel point the Sol becomes a sol-gel like material. 

Hydrolysis : The reaction of a metal alkoxide (M-OR) with water, forming a metal 
hydroxide (M-OH). 

Sol : A solution of various reactants that are undergoing hydrolysis and 
condensation reactions. The molecular weight of the oxide species produced continuously 
25 increases. As these species grow, they may begin to link together in a three-dimensional 
network. 

Sol-gel like material : A sol-gel material is a material that results from a sol-gel 
process as is known in the art and described herein. For example, a sol-gel forms a rigid 
substance called a sol-gel like material. The sol-gel like material can be removed from its 
30 original container and can stand on its own. A sol-gel like material consists of two parts, 
a solid part and a solvent part. The solid part is formed by the three-dimensional network 
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of linked oxide particles. The solvent part fills the free space surrounding the solid part. 
The solvent and solid parts of a sol-gel like material occupy the same apparent volume. 

Substantially : A sol-gel like material that is substantially filled with a solvent 
refers to a sol-gel material that is filled with at least about 75%, 80%, 90%, 95%, or 98% 
5 solvent by volume. 

Supercritical fluid : A substance that is above its critical pressure and critical 
temperature. A supercritical fluid possesses some properties in common with liquids 
(density, thermal conductivity) and some in common with gases (fills its container, does 
not have surface tension). 

10 

Brief Description of the Drawings 
Fig. 1 illustrates the process conditions for both the carbon dioxide 
substitution/drying process, and the alcohol drying process. 

15 Fig. 2 shows SEM images from randomly selected spots in the interior of 

fractured monoliths of a native silica aerogel with ?b = 0.169 g/cm" 3 (A) and a di-ISO 
cross-linked silica aerogel composite with ? b = 0.380 g cm" 3 (B). 

Fig. 3 illustrates photographs of four pairs of aerogel monoliths (diameter: 0.9-1.0 
20 cm; length: 3-4 cm; densities in g cm" 3 are reported directly on the vials and include 

0.169; 0.141; 0.297 and 0.390). The left-most sample (? b = 0.169 g cm" 3 ) is native silica. 
The right vial of each pair contains a similar-density aerogel that has been submerged in 
liquid N2 in a drybox. 

25 Fig. 4 is a graph illustrating load-strain curves for the four composites of Fig. 3. 

The arrow correlates the particular data point with the image in Fig. 5. 

Fig. 5 illustrates bending under a 14.4 kg load of the monolith with ? b = 0.447 g 
cm" 3 ; span = 1 .738 cm). 

30 
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Fig. 6 illustrates photographs of two aerogel monoliths. The left-most sample was 
supercritical fluid extraction (SCF) dried, and the right-most sample was pentane dried at 
ambient pressure. 



5 Detailed Description of the Invention 

In one example, the invention provides silica aerogel monoliths wherein the 
strength has been improved by a factor of over 100 through cross-linking the nanoparticle 
building blocks of preformed silica hydrogels with a cross-linking agent, such as 
poly(hexamethylene diisocyanate). The composite monoliths of the invention offer the 

1 0 advantage that they are much less hygroscopic than native silica, and they do not collapse 
when contacted with liquids. 

Base-catalyzed silica aerogels typically consist of large voids (mesopores, ~50 nm 
in diameter) in a "pearl-necklace" network of microporous, so-called secondary particles 
(Brinker and Scherer, Sol-Gel Science; The Physics and Chemistry of Sol-Gel 

1 5 Processing, Academic Press: New York, (1 990)) which are the smallest entities visible in 
Figure 2 A (5-10 nm in diameter). Those particles are connected by "necks" formed by 
dissolution and reprecipitation of silica during aging (Brinker and Scherer, Sol-Gel 
Science; The Physics and Chemistry of Sol-Gel Processing, Academic Press: New York, 
(1990); Woignier and Phalippou, J. Non-Cryst. Solids, (1998) 100, 404-408). 

20 Reasonably, the strength of monolithic aerogels could be improved by making the necks 
wider. To accomplish this with minimum addition of new material, the contour surface 
of silica can be used as a template for the deposition and growth of the interparticle cross- 
linker. 

Silica is surface-terminated with silanols (-SiOH). A polyurethane, (-CONH-R- 
25 NHCOOR' 0-)„, is formed by the reaction of a diisocyanate (OCN-R-NCO) and a diol 
(HO-R'- OH) (Smith and March, March's Advanced Organic Chemistry Reactions, 
Mechanism and Structure; John Wiley and Sons: New York, 2001). A similar reaction of 
an isocyanate cross-linking agent with the free hydroxyl groups of a sol-gel like material 
provides cross-linked aerogels having superior properties that allow them to be used in a 
30 large variety of applications. 
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I. General preparation of aerogels from silicon alkoxide precursors 

The formation of aerogels, in general, involves two major steps, the formation of 
a sol-gel like material, and the drying of the sol-gel like material to form an aerogel. 
Originally, sol-gel like materials were made by the aqueous condensation of sodium 
5 silicate, or a similar material. While this process worked well, the reaction formed salts 
within the gel that needed to be removed by many repetitive washings (a long, laborious 
procedure). With the rapid development of sol-gel chemistry over the last few decades, 
the vast majority of silica aerogels prepared today utilize silicon alkoxide precursors. The 
most common of these are tetramethyl orthosilicate (tetramethoxysilane, TMOS, 

1 0 Si(OCH 3 ) 4 ), and tetraethyl orthosilicate (tetraethoxysilane, TEOS, Si(OCH 2 CH 3 ) 4 ). 
However, many other alkoxides, containing various organic functional groups, can be 
used to impart different properties to the gel. Alkoxide-based sol-gel chemistry avoids the 
formation of undesirable salt by-products, and allows a much greater degree of control 
over the final product. The balanced chemical equation for the formation of a silica gel 

15 from TEOS is: 

Si(OCH 2 CH 3 ) 4 (iiq.) + 2H 2 0 (Uq .)= Si02 (S o.id) + 4HOCH 2 CH 3{ ,i q .) 

The above reaction is typically performed in ethanol, with the final density of the aerogel 
20 dependent on the concentration of silicon alkoxide monomers in the solution. Note that 
the stoichiometry of the reaction requires two moles of water per mole of TEOS. In 
practice, this amount of water leads to incomplete reaction, and weak, cloudy aerogels. 
Most aerogel recipes, therefore, use a higher water ratio than is required by the balanced 
equation (anywhere from 4-30 equivalents). 

25 

Catalysts 

The kinetics of the above reaction are unpractically slow at room temperature, 
often requiring several days to reach completion. For this reason, acid or base catalysts 
are added to the formulation. The amount and type of catalyst used play key roles in the 
30 microstructural, physical and optical properties of the final aerogel product. 
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Acid catalysts can be any protic acid, such as HC1. Basic catalysis usually uses 
ammonia, or ammonia buffered with ammonium fluoride. Aerogels prepared with acid 
catalysts often show more shrinkage during supercritical drying and may be less 
transparent than base catalyzed aerogels. The microstructural effects of various catalysts 
5 are harder to describe accurately, as the substructure of the primary particles of aerogels 
can be difficult to image with electron microscopy. All generally show small (2-5 nm 
diameter) particles that are generally spherical or egg-shaped. With acid catalysis, 
however, these particles may appear "less solid" (looking something like a ball of string) 
than those in base-catalyzed gels. As condensation reactions progress, the sol will set 
10 into a rigid gel. At this point, the gel is usually removed from its mold. However, the gel 
should typically be kept covered by alcohol to prevent evaporation of the liquid contained 
in the pores of the gel. Evaporation causes severe damage to the gel and will lead to poor 
quality aerogels 

15 Single-Step vs. Two-Step Aerogels 

Typical acid or base catalyzed TEOS gels are often classified as "single-step" 
gels, referring to the "one-pot" nature of this reaction. A more recently developed 
approach uses pre-polymerized TEOS as the silica source. Pre-polymerized TEOS is 
prepared by heating an ethanol solution of TEOS with a sub-stoichiometric amount of 

20 water and an acid catalyst. The solvent is removed by distillation, leaving a viscous fluid 
containing higher molecular weight silicon alkoxides. This material is redissolved in 
ethanol and reacted with additional water under basic conditions until gelation occurs. 
Gels prepared in this way are known as "two-step" acid-base catalyzed gels. Pre- 
polymerized TEOS is available commercially in the United States from Silbond Corp. 

25 (i.e., Silbond® H-5). 

These slightly different processing conditions impart subtle, but important 
changes to the final aerogel product. Single-step base catalyzed aerogels are typically 
mechanically stronger, but more brittle, than two-step aerogels. While two-step aerogels 
have a smaller and narrower pore size distribution and are often optically clearer than 

30 single-step aerogels. 
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Aging and Soaking 

When a sol reaches the gel point, it is often assumed that the hydrolysis and 
condensation reactions of the silicon alkoxide reactant are complete. This is far from the 
case. The gel point simply represents the time when the polymerizing silica species span 
5 the container containing the sol. At this point the silica backbone of the gel contains a 
significant number of unreacted alkoxide groups. In fact, hydrolysis and condensation 
can continue for several times the time needed for gelation. Failure to realize, and to 
accommodate this fact is one of the most common mistakes made in preparing silica 
aerogels. Sufficient time must be given for the strengthening of the silica network. This 
10 can be enhanced by controlling the pH and water content of the covering solution. 

Common aging procedures for base catalyzed gels typically involve soaking the gel in an 
alcohol/water mixture of equal proportions to the original sol at a pH of 8-9 (ammonia). 
The gels are best left undisturbed in this solution for up to 48 hours. 

This step, and all subsequent processing steps, are typically diffusion controlled. 
1 5 That is, transport of material into, and out of, the gel is unaffected by convection or 

mixing (due to the solid silica network). Diffusion, in turn, is affected by the thickness of 
the gel. In short, the time required for each processing step increases dramatically as the 
thickness of the gel increases. 

After aging the sol-gel like material, all water still contained within its pores 
20 should be removed prior to drying. This is simply accomplished by soaking the sol-gel 
like material in a solvent, such as alcohol, several times until the water is removed. 
Again, the length of time required for this process is dependent on the thickness of the 
sol-gel like material. Any water left in the gel will not be removed by supercritical 
drying, and will lead to an opaque, white, and very dense aerogel. 



25 



Supercritical Drying 

The final process in making silica aerogels is typically supercritical drying. This 
is where the liquid within the sol-gel like material is removed, leaving only the linked 
silica network. The process can be performed by venting the ethanol above its critical 
point (high temperature-very dangerous) or by prior solvent exchange with C0 2 followed 
by supercritical venting. This process should be performed in an autoclave specially 
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designed for this purpose (small autoclaves used by electron microscopists to prepare 
biological samples are acceptable for CO2 drying). The process is as follows. The sol-gel 
like materials are placed in the autoclave (which has been filled with ethanol). The 
system is pressurized to at least 750-850 psi with CO2 and cooled to 5-10 degrees Celsius 
5 (C). Liquid CO2 is then flushed through the vessel until all the ethanol has been removed 
from the vessel and from within the sol-gel like materials. When the sol-gel like materials 
are ethanol-free the vessel is heated to a temperature above the critical temperature and 
pressure of C0 2 (31°C and 1050 psi respectively). As the vessel is heated the pressure of 
the system rises. The system is held at these conditions for a short time followed by the 
1 0 slow, controlled release of C0 2 to ambient pressure. As with previous steps, the length of 
time required for this process is dependent on the thickness of the gels. The process may 
last anywhere from a few hours to several days. 

Figure 1 shows the process conditions for both the carbon dioxide 
substitution/drying process and the alcohol drying process. 

15 

A procedure to produce a single-step base catalyzed silica aerogel 

The following procedure will produce an aerogel with a density of approx. 0.08 

g/cm 3 . The gel time is approximately 60-120 minutes, depending on temperature. 

A catalyst solution containing 35 mL of ethanol, 70 mL of water, 0.275 mL of 
20 30% aqueous ammonia, and 1 .21 mL of 0.5 M ammonium fluoride is slowly added to a 

silica solution containing 50 mL of TEOS and 40 mL of ethanol with stirring. The 

mixture of the catalyst solution and the silica solution is then poured into a mold until 

gelation. The gel can be processed as described above. 

25 A procedure to produce a two-step acid-base catalyzed silica aerogel 

The following procedure will produce an aerogel with a density of approx. 0.08 
g/cm 3 . The gel time is approximately 30-90 minutes, depending on temperature. 

A catalyst solution containing 35 mL of ethanol, 75 mL of water, and 0.35 mL of 
30% aqueous ammonia is slowly added to a silica solution containing 50 mL of 
30 precondensed silica (Silbond H-5, or equivalent) and 50mL of ethanol with stirring. The 
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mixture of the catalyst solution and the silica solution is then poured into an appropriate 
mold until gelation. The gel can be processed as described above. 



II. Cross-linking aerogels 
5 General Procedure 

A cross-linked aerogel can be produced by contacting a sol-gel like material with 
a cross-linking agent, and then drying the cross-linked sol-gel like material to produce a 
cross-linked aerogel. A sol-gel like material may be produced according to methods 
known in the art and disclosed herein. The sol-gel like material can be cross-linked by 

10 contacting the sol-gel like material with a solvent containing a cross-linking agent during 
the wash steps used during the production of an aerogel from the sol-gel like material. 

In one example, a diisocyanate cross-linker is introduced into an aerogel structure 
as follows. Hydrogels (1 cm diameter, 3-4 cm long) are prepared from 
tetramethoxysilane via a base-catalyzed route and are aged for 2 days at room 

15 temperature (Leventis et al., Chem. Mater., 1999, 1 1, 2837-2845; Leventis et al., Nano. 
Lett., 2002, 2, 63-67). Subsequently, according to a post-gelation doping protocol, pores 
are filled with a diisocyanate (di-ISO) solution by washing successively with methanol, 
propylene carbonate (PC), and PC/di-ISO (4 x 8 h in each bath) (Leventis et al., Nano. 
Lett., 2002, 2, 63-67; Morris et al., Non-Cryst. Solids, 2001, 285, 29-36). The di-ISO 

20 employed was poly(hexamethylene diisocyanate) (Aldrich) or Desmodur 3200 (Bayer). 
The product specifications for the Aldrich di-ISO are monomer < 0.5% w/w; isocyanate 
(NCO) group content was 23.1%. The theoretical NCO content for the dimer, 
OCNCH 2 (CH2)4CH2NH(CO)0(CO)NH-CH2(CH2)4CH 2 NCO, is 23.7%. The vials 
containing the gels in the last bath were heated at 100 °C for 3 days, then are cooled to 

25 room temperature. The solution was decanted, and the gels were washed with PC (1 x 8 
h), PC/acetone (1:1, 1 :3, v/v; 1 x 8 h each), and acetone (4 x 8 h) and were dried 
supercritically. 

Cross-linkers 

30 Cross-linking agents within the scope of the invention include those compounds 

that are able to form a chemical bond with at least two reactive groups on a sol-gel 
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material that can be made into an aerogel. For example, silica is surface-terminated with 
silanols (-SiOH). Thus, a cross-linking agent of the invention (A) includes those 
compounds having at least two reactive groups that can bond to at least two silanols on a 
gel-sol material (i.e., SiO-A-OSi). Examples of such reactive groups include, but are not 
5 limited to, activated bis acids such as bis(acid chlorides) and bis(acid anhydrides), where 
the acid can be a carboxylic acid, a phosphoric acid, a sulfonic acid, a sulfinic acid, or a 
phosphonic acid; diisocyanates, acid anhydrides, bis(acid anhydrides), acylchlorides, and 
bis(acylchlorides). Non-exclusive examples of diisocyanates are provided herein at 
Table III. Cross-linkers of the invention can have two reactive groups that are the same, 

10 or can have two reactive groups that are different from each other. 

Cross-linkers of the invention also include compounds that react with each other 
to form a chemical linkage between two silanols on a sol-gel material. For example, a 
cross-linker (B) can bond to a single silanol group on a sol-gel material and to another 
cross-linker (C) that bonds to a single silanol group on the sol-gel material to form a 

1 5 chemical linkage between the two silanol groups (i.e., SiO-B-C-OSi). 

Cross-linkers of the invention also include compounds that polymerize and form a 
chemical bond with reactive groups on a sol-gel material. For example, polyurethane is 
formed by the reaction of a diisocyanate with a diol. Thus, a diisocyanate may be used as 
a cross-linker in the presence of a diol such that polyurethane formation occurs until the 

20 chain is terminated upon bonding to a silanol on the sol-gel like material. Such a cross- 
linker will form urethane bonds in association with the cross-linked sol-gel like material. 
Urethane bonds of this type are thought to be useful for increasing the strength and 
resistance to breakage of cross-linked aerogels. 

A cross-linker of the invention may also include an attached group that is bonded 

25 to a reactive group that bonds to a sol-gel material. An example of such a cross-linker is 
a diisocyanate (OCN-R-NCO) where R is an attached group that becomes chemically 
bonded to a sol-gel material through reaction of the isocyanates with the silanols on the 
sol-gel like material. Thus, the invention includes cross-linking agents having the same 
or different reactive groups linked to an attached group and that form a chemical bond 

30 with a reactive group on a sol-gel like material. An example of an attached group 

includes a phosphate group that would be useful as a fire retardant if chemically bonded 
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to an aerogel. Additional examples of attached groups include, but are not limited to, 
absorbants, catalysts, flurophores, biomolecules, redox active labels, reactive groups such 
as amines, epoxides, hydroxyls, anhydrides, acylhalides, and carboxyl groups. 

The methods and materials of the invention do not include those described or 
5 prepared according to the disclosure of Yim et al., Korean J. Chem. Eng. , 19 : 1 59- 1 66 
(2002) or Mizushima and Hori, J. Non-Cryst. Solids, 170:215-222 (1994). 

III. Preparation of cross-linked aerogel films 

Cross-linked aerogel films can be prepared from the cross-linked aerogels 

1 0 described herein. Such films may be prepared by forming a sol-gel like material on a 
surface where the sol-gel like material forms a film. Examples of such surfaces include, 
but are not limited to, plastic, metal, metal foil, or surfaces that have been coated, for 
example, through use of a sputtering process. A surface can be made of a material that 
dissolves in a solvent to which a cross-linked aerogel is resistant. Such a surface may be 

1 5 used as a support to form a cross-linked aerogel film and then dissolved to free the film 
from the support. 

The sol-gel material can be processed into a cross-linked aerogel while contained 
on a surface. For example, the sol-gel material can be washed with a desired solvent, 
treated with a cross-linking agent, and dried to produce a cross-linked aerogel while 

20 contained on a surface. Such a process should allow rapid production of cross-linked 

aerogel films due to the large surface area of the film relative to the thickness of the film. 
This feature allows solvents to be rapidly vaporized. 

Cross-linked aerogel films offer many benefits because they will have a large 
surface area. For example, a cross-linking agent that contains an attached group that is a 

25 catalyst may be used to produce an aerogel film having a catalyst cross-linked to the 
surface. Such a film may be useful in the production of catalytic converters in the 
automotive industry or in the production of catalyst supports in the chemical industry. In 
another example, a cross-linking agent that contains an absorbant as an attached group 
may by linked to the film to produce a film having a very large absorbant surface area. 

30 
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IV. Properties of cross-linked aerogels 

Diisocyanate (di-ISO) modified aerogels are often translucent (Figure 3), with 
properties (Table II) that depend on their density, which in turn depends on the 
concentration of di-ISO in the PC/di- ISO bath. Relative to native silica, composite 
5 aerogels may shrink by up to 1 0- 1 2% and they often become up to ~3 times more dense 
as the di-ISO concentration in the bath increases. Both size and density level off for 
bathing solutions more concentrated than -40% w/w, but even the most dense monoliths 
fall in the density range of aerogels. Shrinking is probably associated with cross-linking. 
IR analysis shows that as the density increases, the urethane C=0 stretch (at -1690 cm" 1 ) 

10 becomes comparable to, and eventually even stronger than, the Si-0 stretch at 1078 cm' 1 . 
Note also that while the urethane C=0 stretch is present in di-ISO, the dominant stretch at 
-2272 cm" 1 comes from the isocyanate (N=C=0) (Husing et al., Chem. Mater., 1998, 10, 
3024-3032). However, the latter absorption is consistently extremely weak or absent. 
Therefore, it was concluded that both ends of practically all di-ISO have reacted. A 

1 5 typical SEM image of one of the most dense composites (Figure 2B) shows that (a) a new 
material has been introduced conformally to the secondary particles, as not only the 
necklace-like structure but also individual particles remain clearly visible; and (b) the 
mesoporocity has been somewhat reduced, as several secondary particles appear fused 
(clustered) together, forming the larger domains that promote light scattering and 

20 haziness (Novak et al., Chem. Mater., 1 994, 6, 282-286). These observations are all 
consistent with reaction and binding of di-ISO to the surface of silica. Considering the 
total surface area of native silica (~1000 g cm" 3 , Table II) and the density change between 
native silica and the most dense composite (p b = 0.447 g cm" 3 ), it is calculated that the 
amount of di-ISO corresponds to 4.7 monolayers. Hence, terminal NCOs appear to 

25 undergo not only condensation with surface-silanols but also further reaction with 
themselves causing extensive cross-linking. It should be emphasized further that the 
estimated 4.7 monolayer coverage is actually a lower limit, because the first monolayer 
blocks the channels and cuts off access to the micropores of the secondary particles. This 
is concluded from the fact that the Brunauer-Emmett-Teller (BET) surface area 

30 decreases, and the average pore diameter jumps from -1 3 to -20 nm as the monolith 
density increases (Table II). 
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Composite monoliths are less hygroscopic and more robust than pure silica (Table 
II). Native silica aerogels submerged in liquid N2 (in a glovebox) absorb -6.5 times their 
weight in liquified gas (which they subsequently lose over a period of -10 min). At the 
same time, however, those monoliths undergo extensive cracking, losing their structural 
5 integrity completely (Figure 3). Cracking was also observed consistently with all 
samples of the lighter composite (p b = 0.241 g cm" 3 ), but the mode of fracture was 
different from that of native silica, yielding few large pieces with structural integrity 
rather than the loose foamy material obtained from the disintegration of the latter. 
Composites with pb > 0.3 g cm 3 uptake, <1 .7 times their weight in liquid N2, but no 

1 0 structural change were observed, even after repetitive dip-freeze/thaw cycling. The 

structural collapse of pure silica aerogels in contact with liquids is a known phenomenon 
and is due to the capillary tension at the liquid-gas interface in the pores (Fricke, Sci. 
Am., 1998 (March) 92-97). An upper bound for the volume relaxation energy, VRE (in J 
cm" 3 ), upon collapse is calculated from the work done per unit volume by the capillary 

1 5 tension via the relationship 

VRE = r hV cos(0)[ApJ(\-p)] 
by assuming that the contact angle 0 = 0° and that the pore liquid is water (whose surface 
tension -Ylv = 0.072 J m" 2 is higher than that of many other liquids), A is the specific 
(BET) surface area of the aerogel, and the relative density p ~ 0.3 (Brinker and Scherer; 

20 Sol-Gel Science; The Physics and Chemistry of Sol-Gel Processing, Academic Press: 
New York, 1990). Thus, it is calculated that upon collapse our native aerogel monoliths 
are stabilized by < 17 J cm" 3 . Meanwhile, considering the mass-gain over silica of our 
most dense composite (0.447 g cm" 3 ) and the heats of formation of dicarbamate and 
isocyanurate, it is calculated that the composite is more stable than native silica by -55 J 

25 cm" 3 . This was calculated based on a 4.7 monolayer coverage (7.85 x 10-4 mol of di-ISO 
per cm3), where half of the NCOs of the first monolayer from urethane with the surface 
silanols, releasing (based on bond heats of formation) 61 kJ per mol of di-ISO reacting, 
while all other NCO groups in the remaining 3.7 monolayers form isocyanurate, releasing 
32 kJ per mol of NCO. Therefore, there should be no particular tendency for collapse 

30 upon wetting, because the energy that would be expended to destroy cross-linking is 
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more than the energy that would be gained by the subsequent structural collapse. Even in 
water, denser composites have been stable for at least two months. 

However, the most dramatic improvement yet is in the strength of the new 
material (Table II), as tested with a three-point flexural bending method. It takes more 
5 than 100 times higher load to break a monolith with density 0.447 g cm" 3 (-15 kg) than to 
break a native silica aerogel monolith (-120 g). Figure 4 shows the load-strain curves of 
four representative composite monoliths on the way to their respective rupture points. 
The least dense sample is linearly elastic, while the more dense samples behave as 
nonlinear elastic. Removing the load at several points before samples fail does not have 
1 0 an adverse effect in their ability to resume their previous shape or accept back the same 
load, producing the same deformation and continuing along the smooth lines of Figure 4. 
The modulus of elasticity, E, (a measure of stiffness) is calculated from the slope (5) of 
the linear part of the load-deformation curves using 
E = SL 3 film- 4 

1 5 where L is the span and r the radius of the aerogel (Gere and Timoshenko, Mechanics of 
Materials, 4th ed.; PWS Publishing: Boston, 1997). Measuring the deformation of native 
silica was not possible; however, accepting that for a native silica aerogel with pb = 0.2 g 
cm" 3 and E < 1.0 MPa, the trend in the modulus of the cross-linked monoliths is the same 
as the trend in the rupture load (Novak et al., Chem. Mater., 1994, 6, 282-286). Namely, 

20 more dense monoliths are not only stronger but also more difficult to bend (stiffer). This 
is consistent with wider interparticle necks as the amount of accumulated di-ISO 
increases (Her, The Chemistry of Silica; Wiley: New York, (1979)). Eventually, even the 
stiffer composites bend, accommodating up to 20% diametral deflections before rupture 
(see Figure 5). The more work (i.e., the area underneath the load/deformation curve) 

25 required by denser composites to break indicates that stiffer composites are also tougher. 
This behavior is attributed to the flexible organic nature of the wider necks. 

In summary, molecular-level synergism between silica nanoparticles and 
molecular cross-linkers inverts the relative host-guest roles in glass-polymer composites, 
leading to new strong low-density materials. Attempts to load gels with variable amounts 

30 of polyurethane precursors such as di-ISO and diol end-capped polybutylene adipate 
followed by heat treatment, washing, and supercritical drying led to opaque materials, 



15 



somewhat stronger than silica but still quite brittle and much inferior to the materials 
described above. Direct mixing of a diisocyanate and an alcohol-free sol has been 
attempted recently by Yim et al., Korean J. Chem. Eng. , 19:159-166 (2002) and 
Mizushima and Hori, J. Non-Crvst. Solids , 170 :2 1 5-222 (1 994). Reportedly, these 
5 procedure lead to week-long gelation times and require an at least equally long aging 
period. In the attempt to add various amounts of di-ISO in a base-catalyzed sol in PC, a 
week-long gelation time was noticed. The resulting aerogels were translucent but no less 
brittle than native silica. 

Further studies are underway to (a) reduce the processing time by replacing PC 
10 with less viscous solvents and oven heating with microwave heating; (b) vary the 

chemical identity of the diisocyanate, as well as the composition and density of silica; 
and (c) cross-link the few residual NCO groups by introducing appropriate diols (Javni et 
al., Polym. Mater. Sci. Eng., 2002, 86, 387-388). 



15 V. Uses of cross-linked aerogels 

The cross-linked aerogels described herein may be used in a large number of 
applications that are exemplified below. These include structural applications where 
cross-linked aerogels may be used as light-weight building materials, or to reinforce 
plastics and other materials used in construction. The cross-linked aerogels may also be 

20 used to produce more durable optical sensors, such as those used to detect oxygen. 

Radiation detectors may also be made from the cross-linked aerogels described herein. 
The resistance of the cross-linked aerogels to structural collapse makes them useful in 
fuel storage cells. In one example, a phosphate group may be incorporated into a sol-gel 
like material to produce a fire retardant cross-linked aerogel. Such an aerogel may be 

25 used within a fuel cell to provide structural support as well as protection against fires. 
Cross-linked aerogels may also be used as supports, such as for absorbants and catalysts. 

The cross-linked aerogels may also be subjected to pyrolysis to coat the aerogels 
with carbon. Such a carbon-coated silica aerogel would be suitable as a dimensionally 
stable electrode material for electrolysis, double layer capacitors for storing electrical 

30 charge, or as a low density dielectric. Thus, cross-linked aerogels can be incorporated 
into integrated circuits. A cross-linked carbon-coated aerogel could also be used in the 
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field of superconductivity. For example, the cross-linked aerogels do not collapse in the 
presence of liquid nitrogen or other liquefied gasses. Thus, carbon-coated cross-linked 
aerogels may be used in conjunction with a liquefied gas under conditions of extreme 
cold to conduct an electric current. 
5 The increased strength of cross-linked aerogels allows them to be used as 

structural materials. Examples of structural applications for cross-linked aerogels include 
the production of produce building materials such as ceiling tiles, floor tiles, doors, 
paneling, shingles, shutters, beams, and the like. The cross-linked aerogels may be used 
in the automotive and aerospace industry due to their strength and light weight. 
10 Examples of such uses include automotive and aircraft panels, seats, flooring, handles, 
levers, and the like. The cross-linked aerogels can also be used to create protective 
clothing such as bullet-proof vests, jackets, and helmets; and heat resistant clothing 
articles. 

The cross-linked aerogels can also be used in numerous applications as insulating 
1 5 materials due to their thermal properties. For example, the cross-linked aerogels can be 
used in the manufacture of refrigerator doors and panels, oven doors and panels, coolers, 
clothing, clothing liners, shoes, boots, insulation panels, and the like. 



Examples 

20 Example I 

Preparation of diisocyanate cross-linked tetramethoxysilane sol-gel monoliths 
The contents of two vials: Vial A :4.514 mL of tetramethoxysilane; 3.839 mL of 
methanol; and Vial B: 4.514 mL of methanol; 1.514 mL water and 20 \iL (microliter) of 
concentrated ammonium hydroxide, were mixed thoroughly to form the sol, which was 

25 poured in polyethelene cylindrical vials (1 cm diameter, 5 cm long). The molds were 
covered with parafilm®. To facilitate removal of the gels from the polyethylene molds, 
the bottom cup was covered with a teflon-tape lining. The sol gels in the molds at room 
temperature in about 10 min, and the resulting gels are left in the molds to age (i.e., 
complete polymerization and cross-linking) for 2 days. Subsequently, the bottom covers 

30 of the molds were removed together with the teflon lining, and the gels were pushed 
gently out of their molds directly into vials filled with methanol (one gel per vial). 
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The pores of the gel was then filled with a diisocyanate solution by washing the 
gel four times for eight hours per wash with methanol, propylene carbonate, and then a 
mixture containing propylene carbonate and poly(hexamethylene diisocyanate) in 
succession. During the last wash, the gels were heated to 100°C for three days, and were 
5 then cooled to room temperature. The wash solution was decanted and the gels were 
washed with propylene carbonate one time for eight hours. The gels were then washed in 
a mixture of propylene carbonate and acetone (1:1, v/v) one time for eight hours, 
followed by washing in a mixture of propylene carbonate and acetone (1 :3, v/v) one time 
for eight hours. The gels were then washed in acetone four times for eight hours per 
10 wash. Following the acetone wash, the gels were dried supercritically with carbon 
dioxide. 



Example II 

Alternate preparation of diisocyanate tetramethoxvsilane sol-gel monoliths 
1 5 The tetramethoxysilane sol-gel monolith was prepared as described in Example I 

except that the wash conditions were altered according to the following procedure. The 
gels were prepared and aged for two days as described above, and then washed four times 
in methanol for eight hours per wash. The gels were then washed four times in acetone 
for eight hours per wash. The gels were then washed in a mixture of acetone and 
20 poly(hexamethylene diisocyanate) (1:1, v/v) four times for eight hours per wash. The 

gels were then maintained in the last wash solution at 50°C for four days in tightly capped 
vials. Following the heating period, the gels were washed four times with acetone for 
eight hours per wash, and then dried supercritically with carbon dioxide. 



25 Example III 

Preparation of aerogels without supercritical drying 
The cross-linked aerogels of the invention are resistant to collapse when contacted 
with fluids. Therefore, the need to process a cross-linked sol-gel by supercritical drying 
to form a cross-linked aerogel is unnecessary. Accordingly, a cross-linked sol-gel 
30 material was prepared by following the protocol described in Example I, except that the 
supercritical drying step was avoided. Rather, the cross-linked aerogels were washed in 
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pentane four times for twelve hours per wash. The cross-linked aerogels were then 
removed from the pentane and placed into an oven that was heated to 40°C. The gels 
were completely dried in one hour. The properties of the air-dried aerogels are similar to 
those of aerogels prepared using supercritical fluid extraction are presented below in 
5 Table I. 

Table I 



Properties of Supercritical Fluid Extraction (SCF) dried and Pentane dried aerogels 





Supercritical Fluid Dried 


Pentane Dried 


Density (g/cm 3 ) 


0.57 +/- 0.02 


0.56 +/- 0.01 


BET Surface Area (m 2 /g) 


150+/- 10 


132+/- 15 


Average Pore Diameter (A) 


194+/- 6 


185+/- 20 


Modulus (MPa) 


67 +/- 23 


75 +/- 22 


Load at Rupture (kg) 


34 +/- 8 


34 +/- 9 



10 Examp le IV 

Preparation of a cross-linked aerogel film 
Thin films can be prepared from the cross-linked aerogels described herein. Such 
films may be prepared by thoroughly mixing the contents of two vials: Vial A :4.514 mL 
of tetramethoxysilane; 3.839 mL of propylene carbonate; and Vial B: 4.514 mL of 

1 5 propylene carbonate; 1 .5 14 mL water and 20 uL (microliter) of concentrated ammonium 
hydroxide, to form a sol. The sol is then poured onto a gold coated glass plate. The sol- 
gel material contained on the surface of the plate is then evenly distributed on the plate by 
spinning the plate. The plate containing the sol-gel material is quickly dipped in 
propylene carbonate to wash the sol-gel material. The plate containing the sol-gel 

20 material is then placed into a container containing a mixture of propylene carbonate and 
diisocyanate and heated in a microwave oven. Following heating, the plate containing 
the cross-linked sol-gel material is quickly washed in propylene carbonate, washed in 
another desired solvent, and then allowed to dry. The gold coated plate is placed into a 
solution of potassium cyanide to dissolve the gold film and release the cross-linked 

25 aerogel from the plate. 
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5 Table III 

Examples of diisocyanates cross-linking agents 

1 . Hexamethylene diisocyanate (HDI) 

/\ /n. NCO 

OCN 

10 And polymers thereof (e.g., Desmodur® N-3200): 




O O 



15 2. Methylene diisocyanate (MDI) 




(Av. n = 2) 



3. Toluene diisocyanate monomer. For example Desmodur® TD 80, which is a 




NCO 



20 mixture of: 



25 
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4. Triphenyl methyl triisocyanate (e.g., Desmodur® RE) 



NCO 




5 5. Desmodur® W, a monomer with structure: 




10 1 . Other cross-linking agents include the structures listed in Table II where the OCN 
group is replaced with other reactive groups that will react with free -OH groups on a 
sol-gel like material. 

2. Desmodurs® are commercially available from the Bayer corporation. 
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